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Abstract

The surface crack in flexure (SCF) method, which is used to determine the fracture toughness
of dense ceramics, necessitates the measurement of precrack sizes by fractographic examination.
Stable crack extension may occur from flaws under ambient, room temperature conditions, even
in the relatively short time under load during fast fracture strength or fracture toughness testing.
In this paper, fractographic techniques are used to characterize evidence of stable crack
extension, a halo, around Knoop indentation surface cracks. Optical examination of the fracture
surfaces of a high-purity ALO;, an AIN, a glass-ceramic, and a MgF,, revealed the presence of
a “halo” around the periphery of each precrack. The halo in the AIN was merely an optical effect
due to crack reorientation while the halo in the MgF, was due to indentation-induced residual
stresses initiating crack growth. However, for the AL, and the glass-ceramic environmentally-
assisted slow crack growth (SCG) was the cause of the halo. In the latter two materials this
stable crack extension must be included as part of the critical crack size in order to determine the
appropriate fracture toughness.
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1. Introduction

1.1 Summary of the Surface Crack in Flexure (SCF) Method. The use of indentation-
induced flaws to measure the fracture toughness of brittle monolithic ceramics has been employed
since the early 1970s when Kenny [1] first used Knoop-indentation-induced precracks to measure
the fracture toughness (K,.) of cemented tungsten carbides. The technique he employed was very
simple: introduce a precrack by indenting one surface of a rectangular beam specimen with a row
of Knoop indentations oriented normal to the specimen long axis, fracture the specimen in flexure
with the indented surface in tension, and calculate the toughness using the precrack size and fracture

stress.

Over the next several years, Petrovic and his associates [2-8] developed and refined the
technique as an alternative to classic fracture mechanics tests (double torsion and double cantilever
beam), which use large cracks popped in from a saw-cut. Vickers and Knoop indentations were both
used to introduce precracks, but the Knoop indentation became the preferred method due to the
simple crack pattern that it generates. During this period, they realized that the residual stresses that
accompany the indentation have a pronounced effect on the resultant fracture toughness value.
These residual stresses combine with the applied stress to produce a lower fracture strength, resulting
in lower a K, value. Elimination of the residual stresses through material removal or annealing
yielded toughness values comparable to those generated with double torsion methods [4—-5].
Material removal is the preferred method of eliminating the residual stresses since annealing can lead
to flaw healing or blunting [3] and may, in some materials, lead to undesirable microstructural

changes.

Recent efforts by Quinn and colleagues [9-14] have further refined the method. They conducted
an international round-robin exercise [9], involving 20 agencies, to examine the precision of the SCF
method and its standardization potential. They also applied the method to over 40 materials, ranging

from low-toughness glasses to high-toughness zirconias. These refinements have lead to the




inclusion of the method as one of three techniques in a new fracture toughness provisional standard

(PS)" recently adopted by the American Society for Testing and Materials (ASTM)."

The SCF method requires the Knoop indentation of a specimen, removal of the residual stresses
via grinding and/or polishing, fracture of the specimen in flexure, fractographic examination and
determination of the precrack size, and calculation of the toughness according to equation (1) for a

semicircular or semielliptical surface crack in tension or flexure:

K.=YovVa, (1

where

Y is the stress intensity shape factor (dimensionless),
o is the flexure strength of the specimen (MPa), and
a is the crack depth (m).

Two of the benefits of this method are the small precrack size, which is on the order of the size
of natural flaws observed in ceramics, and the ability to control this size through the indentation
load. The major liability is the need to measure the precrack, which, in some materials, can be

difficult. SCF fractographic techniques are described in detail in Quinn, Gettings, and Kiibler [12].

1.2 Precrack Halos. “Halos” (rings that are darker or brighter than the precrack) have been
seen around precracks in a variety of ceramic materials [4-6, 10-23]. In many of these cases [4-6,
15, 16, 18-20], the appearance of a halo is the result of slow crack growth (SCG) during elevated
temperature testing. These halos are part of a sequential set of fracture surface markings that
emanate from a strength-limiting flaw when a ceramic is fractured in tension [24-26]. The features

result from an increase in the crack velocity as the crack propagates through the body. Associated

* American Society for Testing and Materials. “Standard Test Methods for the Determination of Fracture Toughness
of Advanced Ceramics at Ambient Temperatures.” PS No. 070-1997, 1997.

¥ American Society for Testing and Materials, 110 Barr Harbor Drive, West Conshohocken, PA 19428.



with the sequential formation of each feature is an increase in the microscopic texture (increased
roughness). This change in texture changes the optical reflectivity, enabling the delineation of each
feature on the fracture surface. In fact, when measuring the size of such features, it is recommended
that an optical microscope be used instead of a scanning electron microscope (SEM) because the

former has excellent contrast effects [26].

Alumina [10], silicon nitride [9, 11, 12], glass-ceramic [12], sialon [21], and magnesium fluoride
[22, 23] have all been shown to exhibit halos around indentation—induced precracks on the fracture
surface after room-temperature tests. Tracy and Quinn {10] reported a halo around the periphery of
the precrack when they applied the SCF method to a high-purity fine-grained (1-6 pm) Al,O,
(Figure 1). (The halo appears as a dark ring around the precrack under optical examination.) They
also reported evidence of stable crack extension on the fracture surface, corresponding to the halo.
The halo was most pronounced in specimens that had been precracked at indentation loads of 29.4
and 49 N. Additional indentation loads of 69, 113, 167, and 255 N were used in this study. The
relative size of the-halo diminished as the indentation load and, thus, the precrack size increased.
The halo was not included as part of the critical crack size used in their toughness calculations [10].
Their plot of apparent toughness vs. initial precrack size (Figure 2) suggested a possible R-curve

behavior for this material.

There are several possible explanations for the appearance of halos on the fracture surface around

Knoop-indentation-induced precracks, as discussed in sections 1.2.1-1.2.4.

1.2.1 Environmentally Assisted Slow Crack Growth. Testing at elevated temperatures can
result in slow crack growth. As previously mentioned, SCG gtowth at elevated temperatures can
lead to stable crack extension, but at room temperature, environmentally assisted SCG can also be
active due to moisture present under ambient laboratory conditions. This could occur prior to the
removal of the residual stresses associated with the indentation or during the 15-30 s it typically

takes to conduct a flexure test.



Figure 1. Optical Photograph of a Knoop-Indentation-Induced Precrack (29.4 N Load) and
Associated Halo in AD-999. Solid Arrows Outline Precrack, and Open Arrows the
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Figure 2. Plot of Apparent Toughness vs. Precrack Depth for AD-999. The Stars Include All
of the Data From Tracy and Quinn [10] and the Seven Specimens From the Present
Study Without Incorporation of the Halo. The Circles Correspond to the Same
Data, but With the Halo Included.



1.2.2 Crack Reorientation. It is well known that cracks aligned out of the plane of an applied
tensile stress field will realign normal to the maximum tensile stress field during failure [27]. In the
round-robin exercise, Quinn, Kiibler, and Gettings [9] had the participants intentionally misalign the

.specimens with a slight tilt of 1/2° during precracking. This enhanced the detectability of the
precrack for fractography, but forced the precrack to enter the specimen at an angle of 1/2° to §°.
This realignment may be enough to account. for a halo since, under optical viewing, each region
could appear different due to variations in reflectivity created by the arrangement of the different

planes.

1.2.3 R-Curve Behavior. Some ceramic'materials exhibit R-Curve behavior [28-35] (rising
fracture toughness with an increase in crack size). This behavior is most pronounced when small
(on the order of naturally occurring flaws) precracks are used. In transformation-toughened zirconia
[28-31], extension of a small crack of as little as 10 pm has been shown to produce a 3-5 fold

increase in fracture toughness [31].

1.2.4 Stable Crack Extension From Indentation-Induced Residual Stresses. Although the
SCF method stipulates that residual stresses must be removed prior to fracture testing, these stresses
are acting on the precrack for a time and may, in certain materials, lead to stable crack extension.
There are several examples in the literature where residual stresses may have contributed to the
formation of a halo. Govila [16] and Quinn, Gettings, and Kiibler [12] conducted studies on Si;N,
and a glass-ceramic, respectively, in which the residual stresses were not removed. They presented
optical photographs showing a halo around the precrack. Marshall [27] showed that, under mixed-
mode loading, Knoop-indentation cracks that had the residual stresses, still present extended and
aligned normal to the maximum tensile stress before failure. Indentation cracks that had the residual
stresses removed through annealing did not undergo any stable crack éxtension, but propagated

unstably and with an abrupt change in fracture plane.

Since measurement of the precrack is an important step in the SCF method, it is important to
elucidate the cause of the halo and its effect on the apparent fracture toughness. In this report, we
investigate halos that appear around SCF precracks in a variety of ceramics tested at room

temperature.



2. Experimental Procedure

All of the materials investigated were fine-grained fully dense materials that have been well

characterized.” Information on each material is listed in Table 1.

Table 1. Matefials Investigated

Material Manufacturer Processing Density | Indentation Load
(g/em’) (N)
ALO,; (AD-999)* Coors Ceramics Sintered 3.97
AIN® Dow Chemical Hot-Pressed 3.26 49.0
(No Sintering Aid)
Pyroceram 9603° | Coming Melt, Heat Treat 2.59 w0 |
MgF, — Hot-Pressed 3.18 29.4 l

# AD-999 is sintered to full density with minimal glass phase.

® The AIN powder is prepared by a carbothermal process and hot-pressed without a sintering aid to full density.
¢ Pyroceram 9603 is a cordiertie glass-ceramic, but has different amounts of secondary phases, such as cristobalite and
magnesium titanate, compared to the more common Pyroceram 9606.

Flexure specimens were machined from plates or billets according to the machining guidelines
in ASTM C 1161." The MgF, specimens were 3 mm X 4 mm X 25 mm in size, while specimens for
the remaining materials were standard 3-mm X 4-mm X 50-mm flexure bars. In addition to the
normal machining procedure, one 4-mm-wide face of each bar was finished with a 900-grit wheel.
This face was then indented with a Knoop indenter (see Table 1 for the indentation load used for

each material) to create a precracked specimen. During indentation, the specimen was tilted ~1/2°

* Certain commercial materials or equipment are identified in this report to adequately specify the experimental
procedure. Such identification does not imply endorsement by the U.S. Army Research Laboratory (ARL) or the
National Institute of Standards and Technology (NIST) nor does it imply that these materials or equipment are
necessarily the best for the purpose.

¥ American Society for Testing and Materials. “Standard Test Method for Flexural Strength of Advanced Ceramics
at Ambient Temperature.” ASTM C 1161, 1997 Annual Book of ASTM Standards, vol. 15.01, 1997,



off 'pcrpendicular to the diamond indenter axis. This tilt introduced the precrack at a slight angle that

proved beneficial to precrack detection during subsequent fractographic analysis.

Once the specimen was precracked, the long diagonal of the Knoop impression was measured
to determine the indentation depth and identify the amount of material to be removed. The amount
of material removed was nominally 4.5 h, where h is the indentation depth. Details on the material
removal process and why this specific amount of material is removed can be found in Quinn, Kiibler,
and Gettings [9]; Tracy and Quinn [10]; Gettings and Quinn [11]; and Quinn, Gettings, and
Kiibler [12].

Flexure strength was determined using a standard 20-mm X 40-mm fully articulating four-point
fixture at a cross head speed of 0.5 mm/min in accordance with ASTM C 1161. The smaller MgF,
specimens were testéd at the same crosshead speed, but on a semi-articulating four-point fixture with
inner and outer spans of 10 and 20 mm, respectively. At this loading rate, failure times were
15-30 s, during which the material could be susceptible to slow crack growth. Testing was
conducted under ambient laboratory conditions (temperature: 20-25° C; relative humidity:
35-50%) and at room temperature in a flowing, ultrahigh purity, dry nitrogen environment. In the
latter case, once a preload was applied to the specimen, a plastic sleeve was placed around the test
setup, and a nitrogen flow of ~7 ml/min was started. Five minutes was allowed to elapse to purge

the system. The fast fracture test was then conducted with the nitrogen still flowing.

After fracture, both mating halves of the fracture surface were fractographically examined to
characterize the precrack.” One of the mating halves was optically photographed at =200x. A layer
of Au (=5 nm) was sputtered on to the fracture surface of the Al,0,, the glass-ceramic, and MgF,
specimens to enhance reflectivity and ease of optical photography. Many specimens were examined
with the SEM for precrack size measurements and possible changes in the fracture morphology
associated with the precrack and halo. The depth (a) and width (2¢) of each precrack were

determined from optical and/or SEM photographs, and the stress intensity shape factor (Y) at the

* American Society for Testing and Materials. “Fractography and Characterization of Fracture Origins in Advanced
Ceramics.” ASTM C 1322-96a, 1997 Annual Book of ASTM Standards, vol. 15.01, 1997.
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precrack depth and the precrack boundary at the specimen surface were calculated for each specimen
from the empirical equations of Newman and Raju [36]. The maximum Y value was then used to

compute the apparent fracture toughness (K, ) according to equation (1).
3. Results and Discussion

3.1 Alumina (AL,O;). All 39 specimens previously tested by Tracy and Quinn [10] were
optically reexamined to ascertain the size of the halo and its effect on the apparent fracture toughness
(Table 2). An optical examination was sufficient since their work [10] showed that there was
excellent agreement between the precrack sizes determined from SEM and optical photographs. The
small differences between the optical and SEM analyéis typically resulted in a <0.1-MPav'm change

in the calculated toughness.

Table 2. Average SCF Fracture Toughness Values for AD-999 Alumina

No. of Specimens K, Without Halo K. With Halo
(MPaV'm) (MPav m)

29.4 7 3.41 £0.22 3.88 £0.17
29.4 3 3.26 +0.08° 358005 |
" 49.0 5 3.3440.10° 400016 |
68.9 9 3.47 £0.14° 32013 |

112.7 9 3.49 +0.18" 3.69 % 0.14

166.7 9 3.52£0.15° 3.66 % 0.16

l 254.9 4 3.80£0.11°  405%0.13
Nat. Flaws 7 24-35 No Halos "

? Specimens from Tracy and Quinn [10]. Uncertainty levels listed are +1 standard deviation.

Halos were also observed around the precracks in seven additional Al,O, specimens, precracked

at29.4 N, and tested in the present study. The average fracture toughness of these seven specimens,



without the halo, was 3.41 +0.14 MPa¥'m, which is in excellent agreement with the value reported
earlier by Tracy and Quinn [10] (Table 2) for the same indentation precrack load. If the halo is
included as part of the critical crack size, the average toughness increases 13% to 3.88 +
0.17 MPav¥m.

Figure 2 shows the data for the 39 specimens tested by Tracy and Quinn [10], as well as the data
for the seven specimens tested in the present study. In general, for each datum, the incorporation of
the halo into the critical crack size shifts the datum upward (higher toughness) and to the right (larger

crack depth). The effect is most pronounced for the smaller precracks.

As the indentation load increases, the relative size of the halo decreases. At the highest loads,
the halo did not appear to uniformly ring the entire precrack. It was negligible at the deepest point,
but grew wider as it approached the specimen tensile surface (Figure 3). Incorporation of the halo
into the critical crack size eliminated the suggested R-curve behavior (Figure 2) and provided
fracture toughness values which are comparable with values generated using large-crack fracture

toughness techniques, see Table 3.

Figure 3. SEM Photograph of a Knoop Indentation-Induced Precrack (254.9 N Load). Note
There Is No Halo Evident at the Deepest Portion of the Precrack.




' Table 3. Long Crack Fracture Toughness Values for AD-999 Alumina

Reference K, Test Technique
(MPav m)*
Tracy and Quinn [10] 4.12 £ 0.25 (4) | Double Torsion
Swanson [37] 4.44 Double Cantilever Beam
Simpson [38] 3.99 Double Cantilever Beam
Antis et al. [39] 3.92 Single-Edge Notched Beam
Barker [40] 3.9 Double Cantilever Beam

* The number in parenthesis indicates the number of specimens. Uncertainty levels listed are %1
standard deviation.

A detailed SEM fractographic analysis of a precrack with a halo (Figure 4a) revealed differences
in the fracture morphology in the precrack region, halo region, and fast fracture region
(Figures 4b—d). The dominant fracture mechanism in the precrack region was transgranular fracture
(Figure 4b) while the halo region had a mixture of transgranular and intergranular fracture
(Figure 4¢). Outside the halo, in the fast fracture region, transgranular fracture was again the
dominant failure mechanism (Figure 4d). The increase in intergranular fracture within the halo
region suggests that environmentally assisted SCG had occurred at room temperature, probably
during the fracture test. High purity (299%) aluminas have been shown to exhibit SCG at room
temperature [41-44] and SCG exponents (n) of approximately 20-40 having been reported [41-45].

Ferber and Brown [42] noted that the SCG was the greatest in the presence of water.

Additional specimens of the same alumina, from an extensive round-robin exercise [46], were
examined to estimate the fracture toughness from the naturally occurring flaws and to determine if
a halo was present around these flaws. All of these specimens were tested in lab-ambient conditions.
Only seven specimens were amenable to accurate measurement of the strength-limiting flaw size and
shape. The resultant fracture toughness ranged from 2.4 to 3.5 MPav¥'m. Halos were not observed

around any of these flaws. The strength-limiting flaws in this material are porosity related (pores

10



(a) The Precrack and Halo Created in AD-999 With a 29.4 N Load.

(b) Transgranular Fracture in the Precrack Region - Region 1.

Figure 4. SEM Photographs of AD-999.
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(c) Mixed Transgranular and Intergranular Fracture in the Halo Region - Region 2.

(d) Transgranular Fracture in the Fast Fracture Region - Region 3.

Figure 4. SEM Photographs of AD-999 (continued).

12



or porous regions), which tend to have a complex geometry that does not allow for accurate

measurement of the flaw size or the delineation of a halo, if one exists.

Four additional alumina specimens were precracked under identical conditions using a load of
29.4 N, but flexure testing was conducted in a flowing N, environment. No halos were seen in either
the optical or SEM photographs of the fracture surfaces of any of these specimen, and there was no
difference in fracture morphology on the fracture surface. The resultant fracture toughness value
(3.79 + 0.30 MPavV'm) agreed with the value (3.88 + 0.17 MPaVm) calculated for the 29.4 N
specimens fractured in air when the halo was incorporated into the critical crack size. The difference
in the critical crack size was offset by the fracture stress, which was about 10% higher for the
specimens tested in flowing N,. These results clearly indicate that, under ambient laboratory
conditions, environmentally assisted SCG can occur in this sintered fine-grained alumina, and it
should be taken in to account when computing the fracture toughness. We concluded that the
fracture toughness of this sintered alumina is 3.78 * 0.20 MPav'm (based on 46 specimens) as
measured by the surface crack in flexure technique and that the earlier reports [10, 11] of a
dependency of K;, on crack length are incorrect. This should not be surprising since this was a fine-

grained equiaxed material, and bridging or crack deflection mechanisms are not significant.

3.2 Aluminum Nitride (AIN). This material also exhibited a halo around the periphery of the
precrack during optical examination (Figure 5). Contrary to our previous preliminary report [14],
the halo was also evident when viewed with the SEM (it appeared as a white ring in this viewing
mode, as opposed to a black ring in optical analysis), and there was a difference in fracture
morphology. The change in morphology was only between the halo and the fast fracture region. The
halo and precrack exhibited approximately an even mix of transgranular and intergranular fracture,
while the fast fracture region was predominantly (>90%) transgranular. Katz et al. [47] reported a
similar mix of transgranular and intergranular fracture in the mirror, mist, and hackle regions around
naturally occurring flaws in tensile specimens of the identical material. The fracture mode in AIN
depends upon the amount of boundary phase and the morphology of the AIN (which can be
equiaxied or plate-like). The AIN examined in this study had low oxygen content (=1 weight-

percent) and equiaxed grains. No SCG is expected in this material since it has no intended

13



Figure 5. Optical Photograph of a Knoop Indentation-Induced Precrack (49.0 N Load) and
the Associated Halo in AIN. The Halo Is Due to Crack Reorientation During
Fracture.

sintering aid and a very low oxygen content [48]. Studies on AIN have shown that room [49] and
elevated temperature flexure strength [50], as well as room-temperature static fatigue resistance [51],

are all a function of the oxygen content.

Sakai [49, 50] noted that an increase in oxygen content above approximately 2.7 weight-percent
results in a decrease in flexure strength, and the fracture mode at room temperature was a function
of oxygen content [49]. Intergranular fracture was common for oxygen contents between 1.1 and
2.7 weight-percent, while, above this level, fracture was predominantly transgranular. The change
was attributed to the plate-like structure of the AIN polytypes that form in hot-pressed AIN
containing more than 2.7-weight-percent oxygen. Porosity may also contribute to the differences
in fracture morphology reported in the this study and by Sakai [49, 50]. The AIN Sakai [49, 50]
tested tended to be around 98% dense, while in the present study, the material was fully dense.

O’Day and Leatherman [51] found that the room-temperature static fatigue resistance of AIN

14



sintered with various amounts of Y,0, was minimal, except when there was a large amount (13

volume-percent) of an oxygen-rich second phase present.

The calculated toughness values, without including the halo size, are comparable to other
toughness values reported in the literature [47, 48, 52] (Table 4) for the identical material. Inclusion
of the halo in the critical crack size of the AIN results in a toughness value significantly higher than
any of the values listed in Table 4. These facts indicate that the halo may merely be an optical effect

created by the reorientation of the crack to the plane of maximum tensile stress.

Table 4. Fracture Toughness Values for the Hot-Pressed AIN Examined in This Study

Reference Test Tech_x;i_que

Present Study

2.66 £0.11 (6)° Surface Crack in Flexure in Air
Present Study . - 2.74£0.04 (6) ' Surface Crack in Flexure in N,
Katz et al. [47] : 253+£035 (7) Estimated From Natural Flaws
Skeele, Slavin, and Katz [48] 2.70 £0.24 (5) Chevron Notch, Short Bar
Katz et al. [52] 2.62 £0.15 (21)

Single Edge Precracked Beam

f

® The Number in parenthesis indicates number of specimens. Uncertainty levels listed are +1 standard deviation.

To determine if the halo truly was an optical effect, an additional set of SCF tests was conducted,
but flexure testing was done in a flowing dry N, environment. Due to the limited amount of material
available, the specimens used were the fractured halves from the lab-ambient test set. The resulting
specimens were nominally 2.8 mm X 4 mm x 25 mm. The flexure test configuration and test

parameters were the same as for the MgF, material.

Halos were also observed around these precracks, but they were not as distinct, and there was
essentially no change in fracture morphology between the regions. The apparent fracture toughness
is 2.74 + 0.04 MPav'm, which is in excellent agreement with the toughness from the lab-ambient

tests. Incorporation of the halo again resulted in a higher apparent toughness. We believe that the
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toughness of this material is 2.70 + 0.09 MPav'm (based on 12 specimens), and the halo is present
due to crack reorientation during initial crack extension at criticality. As noted in section 2, these

precracks were intentionally tilted to enhance fractographic detectability.

3.3 Pyroceram 9603. A halo was not observed around any of the precracks during optical
examination of specimens that had been tested in lab-ambient conditions. However, a halo could
be seen when an SEM stereo pair of photographs was viewed in a stereo viewer. Inclusion of the
halo in the critical crack size yielded an average toughness (for 5 specimens) of 2.30 + 0.10 MPav m.
This is in excellent agreement with the 2.4 + 0.1 MPa/m obtained by constant moment double
cantilever beam tests [53]. (Without the halo, using only the initial precrack size, the apparent
toughness is 1.97 + 0.11 MPav'm, which is too low for this material.) An analysis of the precrack,
halo, and fast fracture regions showed no discernible difference in the fracture morphology between
the three regions. However, previous work [54, 55] on a similar glass-ceramic (Pyroceram 9606)
indicates a susceptibility to environmentally assisted SCG. SCG exponent (n) values of 40 to 100
have been reported in thesc studies. An additional set of tests was conducted with the exception that
fracture occurred in flowing nitrogen. No halos were observed in either optical, SEM, or stereo SEM
analysis around the precrack in any of these specimens. The average fracture toughness for four
specimens was 2.22 + 0.22 MPaV'm, which is in éxcellent agreement with the previously mentioned

data when the halo is included.

This material is susceptible to environmentally assisted SCG, and, similar to the findings
reported here for alumina, this growth must be taken in to account when calculating fracture
toughness values. However, unlike the alumina, this growth is not easily seen on the fracture surface
by optical microscopy. It is recommended that this material be tested in an inert environment to

eliminate SCG and avoid the complications created by the halo.

3.4 Magnesium Fluoride (MgF,). Seven specimens were available for the evaluation of this
infrared dome material. All were indented with a 29.4-N Knoop indenter, and a drop of silicone oil
was added immediately after the indenter was removed to retard SCG. Five of the seven specimens

had the customary 4.5 h of material removed to eliminate the residual stress, while the remaining two
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specimens had no material removed.” All flexure testing was conducted in flowing dry N, to retard
SCG.

The apparent fracture toughness of four specimens (one of the five broke during fast fracture
preloading) with the requisite material removed was 0.98 * 0.04 MPa¥'m, which is in excellent
agreement with the value of 0.92 MPav'm reported by Mecholsky [22]. Flexure tests on the two
specimens that had the residual stresses intact produced a lower apparent K, (0.76 + 0.05 MPav m),
confirming the earlier ﬁnding- of Wills, Mendiratta, and Petrovic [4] and Petrovic et al. [5] of the

impact of residual stresses on K.

Optical fractography revealed no evidence of a halo on three of the four specimens with 4.5 h
of material removed. However, the fourth specimen and those specimens that had no material
removed exhibited a uniform halo of 20-30 pm around the precrack periphery (Figure 6). In all
three of these specimens inclusion of the halo in the critical crack size increased the apparent
toughness by 5-6%. Detailed SEM analysis of the various regions on the fracture surface (Figure 7)
shows the transition from the intergranular fracture in the halo region to transgranular fracture in the

fast fracture region. This is consistent with delayed failure studies [22-23].

It is clear from these tests that the halo in this material is related to the indentation residual
stresses. But why did a halo form on the one specimen with material removed? There are several
potential explanations: the silicone oil may not have been added quickly enough after indentation
to retard SCG, stresses from the material removal step caused the extension, or the preload applied
prior to fast fracture testing might have been high enough to initiate growth (the preload applied to

this specimen was similar to the preload applied to the specimen that fractured during its application,

‘18 N). Since specimen preparation and testing were essentially the same for all the specimens, a

combination of these factors may account for the halo.

* . . . . . . . .
Testing with no material removed is done to determine the full precrack size after indentation.
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Figure 6. Optical Photograph of a Knoop-Indentation-Induced Precrack (29.4 N Load) and
the Associated Halo in MgF,. The Halo Is Due to the Indentation-Induced Residual
Stressed, Even Though the Indent and Residual Stresses Have Been Removed.

Figure 7. SEM Photograph of the Fracture Surface of an MgF, Specimen That Exhibited-
SCG. The Transition From Intragranular Fracture in the Halo Region to
Transgranular Fracture in the Fast Fracture Region Is Clearly Seen.
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4. Conclusions

Halos around flaws may arise from several reasons. Environmentally assisted SCG was the
cause of the halos in both alumina and the glass-ceramic. Residual stresses associated with the
indentation initiated growth in MgF,. Crack reorientation accounted for the halo observed in AIN.
This study has shown that any halo that appears around the periphery of an indentation-induced
precrack should be examined for possible changes in the fracture mode; this must be done to ensure
that the correct critical crack size is used in the calculation of a critical fracture toughness value from
the SCF method. If detailed fractographic analysis proves inconclusive in ascertaining the cause
of the halo, additional SCF tests should be conducted in an inert environment to eliminate halos and

the interpretation problems associated with them.
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